, v͔͒ has been measured for the first time to the authors' knowledge with 100-fs pulses at 1600 nm in the single-crystal polymer poly[bis(ptoluene sulfonate)] of 2,4-hexadiyne-1,6-diol. The transition involved is from the even-symmetry ground state into the vibronic subband of the dominant, even-symmetry, excited two-photon state at an energy of 2.7 eV.
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It can involve a variety of mechanisms, such as the instantaneous absorption of two or more photons and the successive absorption of photons with real intermediary excited states, resulting in some higher-lying excited state. Here we refer to the case of simultaneous absorption of photons involving a single ground and a single excited state. It can give valuable spectral information about electronic states of various symmetry. For example, two-photon absorption in symmetric molecules allows the even-symmetry excited states to be located, which leads to detailed understanding of the structure of such molecules and quantifies such effects as electron correlation. 2 More recently it has been the basis of two-photon-induced f luorescence for two-photon microscopy. 3 In that application, the two-photon-induced f luorescence is localized in space by virtue of the tight focusing used to probe a small region of the sample. In many cases it can also be an unwanted phenomenon. For example, in all-optical switching and processing it frequently attenuates the beam before the nonlinear phase shift required for device operation can be reached. 4 Yet higher-order multiphoton absorption, involving the simultaneous absorption of three or four photons, is much less probable as the number of photons participating increases. 5 For example, there have been only sporadic, and in some cases disputed, reports of four-photon absorption in semiconductors but none to date, to the best of our knowledge, in molecular solids. 6 Here we report on four-photon absorption in conjugated polymers.
Since the pioneering study of Chance and colleagues, poly[bis(p-toluene sulfonate)] of 2,4-hexadiyne-1,6-diol (PTS) has been a remarkable polymer for nonlinear optics. 7 It exhibits strong p-electron delocalization, which leads to a large nonresonant third-order nonlinearity and a strong two-photon absorption spectrum, which peaks near 925 nm with the very large value of 800 cm͞GW. 7, 8 This spectrum is reproduced in Fig. 1 . There is a large contribution from vibronic subbands that leads to strong extended two-photon activity over the spectral range 730 -1060 nm. 9 The large oscillator strength for two-photon absorption makes this material an excellent candidate for even higher-order multiphoton absorption processes involving ground and excited states of the same symmetry, i.e., both with even symmetry. Four-photon absorption corresponding to Im͓x ͑7͒ ͑2v; v, 2v, v, 2v, v, 2v, v͔͒ is the next higher-order candidate process for wavelengths of order 2͑730 2 1060͒ 1460 2120 nm. We performed Z-scan experiments at 1600 nm, which lies within this range. The corresponding location in the two-photon spectrum is marked by a solid line in Fig. 1 . 100-fs pulses at a 1-KHz rate were used to discriminate against other effects such as contributions from excited-state absorption.
The monomer PTS crystals were grown by nitrogencontrolled slow evaporation from a PTS-acetone solution. The monomer crystals were polymerized thermally in nitrogen at 52-55 ± C for 150 h. The whole process yielded polymer PTS crystals of high optical quality and thicknesses ranging from 100 mm to several millimeters with the b axis (conjugation axis) lying in the plane of the surface that had typical dimensions of 10 mm 3 6 mm. Most of the experiments were performed with samples 125 mm thick.
A standard Z-scan setup as described by SheikBahae and co-workers was used in the experiments. 10 The laser system was a Spectra-Physics optical parametric generator-optical parametric amplifier combination with a Ti:sapphire source and a regenerative amplifier. This particular system allows us access to the wavelength range 1000-2200 nm with 100-fs pulses and microjoule pulse energies. As shown in the experimental geometry, Fig. 2 , both the spectral width and the temporal envelope were monitored during the experiments. The time -bandwidth product was typically DnDt ϳ 0.23. The PTS samples were checked for damage with this laser, and no damage was found for intensities in excess of 200 GW͞cm 2 , indicative of high-quality samples.
Two examples of the open-aperture Z-scan data are shown in Fig. 3 . In general, the multiphoton absorption can be written as Da͑I ͒ a 2 I 1 a 3 I 2 1 a 4 I 3 1 . . ., where a 2 , a 3 , and a 4 are the two-, three-, and fourphoton absorption coefficients, respectively. The goal is to determine from measurements at different intensities the contributions from the different processes. The most salient feature of the Z scans is that the transmission decreases rapidly with increasing intensity, much too quickly for two-photon absorption. For example, at 200 GW͞cm 2 the transmission effectively goes to zero, and at even higher input intensities the Z scan takes on a square-well appearance. We found that above 100 GW͞cm 2 the transmission was suff iciently small for the 125-mm-thick samples that the analysis led to large uncertainties in the parameters deduced. For intensities below 40 GW͞cm 2 the fits to the Z-scan data were equally good for three͑Da a 3 I 2 ͒ and four-͑Da a 4 I 3 ͒ photon absorption. At higher intensities, the fits to four-photon absorption were still excellent, but progressively larger deviations were found for fits to three-photon absorption, implying that the dominant process at high intensities is four-photon absorption. As a f inal check on the origin of the absorption we plotted the fitted values for the coefficients a 3 and a 4 versus intensity. As shown in Fig. 4 , an intensity-independent coeff icient was obtained only for four-photon absorption and yielded a 4 0.016 6 0.003 cm 5 ͞GW 3 . Note that the data exhibit a small increase in the measured a 4 with decreasing intensity below ϳ30 GW͞cm 2 . This trend would be expected if three-photon absorption were also present, and therefore there is some indication that there is a f inite a 3 . Under this assumption, a rough value for a 3 , 0.13 6 0.08 cm 3 ͞GW 2 , was estimated. The existence of three-photon absorption is reasonable because the absorption of three 1600-nm photons has as its final excited state the dominant one-photon-active excited state ͑1B u ͒ peaked at 620 nm. The measured three-photon absorption lies in the high-energy vibronic subband of this state at 533 nm. 11 Note that instantaneous three-photon absorption to the 1B u state with a subsequent absorption to the higher-lying mA g state is possible but highly improbable because the population of the intermediate 1B u state is small with 100-fs pulses.
Examination of the one-and two-photon spectra shows that an interesting degeneracy occurs in PTS Dashed and solid curves, best fits to three-and four-photon absorption, respectively, as the mechanism solely responsible for the multiphoton absorption. The measured beam diameter is used in the fitting. for 1860-nm photons.
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There both three-and four-photon absorption should be simultaneously maximized, which in principle should lead to strong resonance enhancement of the four-photon process, as pointed out by Bloembergen. 12 In fact, some of this resonant enhancement is probably already present, as indicated by the large value of the four-photon coeff icient measured here.
It is useful to compare the two-and four-photon absorption processes that excite electrons into the same energy region of the f inal state. Here a 2 450 cm͞GW and a 4 0.016 cm 5 ͞GW 3 . Previous research with 100-fs pulses has shown a saturation intensity of 2 GW͞cm 2 for two-photon absorption at the peak of the two-photon spectrum where a 2 800 cm͞GW. Hence an estimate of 4 GW͞cm 2 for saturation at 800 nm is reasonable for 100-fs pulses if the oscillator strengths are comparable. 9 This implies that saturation occurs when the nonlinear absorption induced by the two-photon process is of the order of Da 2 3 10 3 cm 21 . Assuming that the same net absorption coeff icient is required in the four-photon case (because nominally the same initial and final states are involved), then with 100-fs pulses an intensity of 50 GW͞cm 2 should lead to an onset of saturation through four-photon absorption. Although we did not see saturation in our data, it appears that it might be possible to saturate the two-photon state through fourphoton absorption.
To date we have also taken a limited amount of closed-aperture Z-scan data on our PTS samples. Two such representative scans are shown in Fig. 5 . The numerical results n 2 and n 3 obtained for the intensitydependent refractive-index change Dn͑I ͒ n 2 I 1 n 3 I 2 were identical with our previous values in which a positive n 2 and a negative n 3 were measured. 13 It is clear that the sign of n 2 is greater than 0, in agreement with our previous measurements taken over the spectral range 1064-1600 nm. 13, 14 A fascinating feature is that optically induced index changes of .0.02 can occur. In such a case a large optically induced change in the structure of the molecule seems possible.
The spectral dependence of the multiphoton absorption spectrum promises to yield new information about the role of the vibronic subbands in transitions to excited states of both even and odd symmetry in conjugated polymers such as PTS. Because of the resonant enhancement, it also may be possible to measure directly the relative contributions of the one-and twophoton excited states to the third-order nonlinearity.
Four-photon absorption, because of its dependence on the cube of the intensity, should prove advantageous for applications such as optical limiting. Although the wavelength is inappropriate, at least in this material, for limiting in the visible region of the spectrum, it is highly effective at communications wavelengths. Similarly, for multiphoton microscopy it will lead to much better spatial localization of the volume probed.
